INTRODUCTION
The native form of most proteins is thermodynamically the most stable state, and protein folding is a spontaneous reaction (1) . However, the native form of some proteins, such as plasma serpins (serine protease inhibitors) and some viral membrane fusion proteins, are not in their most stable state, but in a metastable state (2, 3) . Serpins include protease inhibitors in blood plasma, such as α 1 -antitrypsin (α 1 AT), antithrombin-III, α 1 -antichymotrypsin and plasminogen activator inhibitor-1 (PAI-1), as well as non-inhibitory members such as ovalbumin and angiotensinogen.
The native metastability of serpins is crucial to their physiological functions, such as plasma protease inhibition (2, 4) , hormone delivery (5), Alzheimer filament assembly (6, 7) , and extracellular matrix remodeling (8) . This native metastability probably facilitates conformational transition into an alternative more stable form during the execution of their functions. Upon binding a target protease, the reactive site loop of inhibitory serpins is inserted into the major β-sheet, the A sheet, to form a very stable complex between the inhibitor and the protease (9) .
Various biochemical (10, 11) and structural (12, 13) studies suggest that the rate of loop insertion is critical for inhibitory function. The native metastability of serpins may be utilized for facile loop insertion during complex formation with their target proteases (14, 15) . The structural basis of serpin metastability has been investigated recently by mutational analyses and crystal structures of variants of α1-antitrypsin (α1AT), a prototype inhibitory serpin (16) (17) (18) (19) (20) . These studies have suggested that various unfavorable interactions, such as overpacking of hydrophobic side-chains, buried polar groups, and cavities may be responsible. However, the factors that prevent the conversion of these types of unfavorable interactions into more favorable ones remain unknown.
The metastable, native form of serpins is considered to be like a kinetically trapped folding intermediate because a more stable, 'latent' form can be produced from it under physiological (21) or mild denaturing conditions (22) , depending on the serpins. The native form of serpins is thus a useful model for studying the kinetic trap in protein folding. In the native structure of serpins, the reactive site loop is exposed at one end of the molecule for protease binding (4) , but in the latent structure it is inserted into the A β-sheet (23) as in the structure of a serpin-protease complex (9) . The native structure of serpins is converted into a stable structure when the physiological functions of these proteins are executed, that is, complex formation with a target protease. Tight regulation of this conversion is thus a crucial design principle of the serpin structure, and characterization of the kinetic trap is a key to understanding serpin structurefunction relationships.
Despite our knowledge of both the native and the latent structures, the molecular basis by which the kinetic trap prevents the native serpin from folding into a more stable state remains unknown. It has been suggested that native interactions in metastable proteins somehow prevent conversion into a more stable structure (24) . It is possible that stable interactions in long-lived intermediates are the cause of kinetic traps in folding pathway. In the present study, we tested whether destabilization of native interactions of α1AT can lower the kinetic barrier in folding into a more stable state. Characterization of amino acid substitutions of α 1 AT that facilitate conversion into the more stable latent-like form strongly suggests that interactions responsible for the kinetic trap in serpin protein folding exist in the native but not the final stable form.
MATERIALS AND METHODS
Chemicals-Ultrapure urea and guanidine hydrochloride were purchased from ICN Biochemicals. Human leukocyte elastase, Staphylococcus aureus V8 protease, papain, porcine pancreatic elastase, and N-succinyl-(Ala) 3 -p-nitroanilide were purchased from Sigma. All other chemicals were reagent grade.
Mutagenesis, expression, and purification of mutant α 1 AT-Substitution mutations were introduced on pFEAT30 (25) , the plasmid for the expression of recombinant α 1 AT, by oligonucleotide-directed mutagenesis. Recombinant α1AT was expressed as inclusion bodies in Esherichia coli and was refolded as described previously (25) . Monomeric forms were purified by ion exchange chromatography on MonoQ column (Pharmacia Co.), and concentrations of α1AT were determined as described previously (25) . The stable form of V364A α1AT was enriched by incubation at 30 o C for ten days, and any remaining native conformation was removed by heat treatment at 68 o C for 1 h. The stable form was purified by FPLC on MonoQ column in 10 mM phosphate, 1 mM β-mercaptoethanol, and 1 mM EDTA, pH 6.5. For crystallization, V364A mutation was made in the background of M7 stabilizing mutations, which diminished the aggregation substantially (26) .
Crystallization and structure determination-Protein crystals were grown by vapor diffusion from hanging drops at 22 o C. The concentrations of reagents in the drops were 1.8 M ammonium sulfate, 0.2 M sodium potassium tartrate, 0.1 M sodium citrate, pH 5.6, and 5% N-octanoyl-sucrose as a detergent additive. Protein concentration was 12 mg/ml. Data was collected using a DIP2030 image plate detector (λ = 1.100 Å) on synchrotron beam line PLS 6B at Pohang Accelerator Laboratory (Pohang, Korea). The raw data was processed using an HKL software package (27) . The crystals belong to space group P2 1 2 1 2 1 with a= 63.02 Å, b= 74.17 Å, c= 93.12 Å. The crystal structure was solved by molecular replacement method using CNS program package (28) . The starting model was the structure of cleaved α1AT in the structure of trypsin-α1AT complex (PDB code, 1EZX; 9). The initial R-factor incorporating data from 15.0 to 4.0 Å after rigid body refinement was 0.38. To monitor R free , 7% of the reflections were set aside. The model was completed by iterative cycles of model building with a QUANTA software package (Molecular Simulation Inc.) and refinement with CNS (28) . The final models (residues 24-394) showed good stereochemistry when analyzed with PROCHECK (29) . All data from 20 to 2.2 Å were used in refinement employing anisotropic bulk solvent model (28, 29) , yielding a final crystallographic R-factor of 0.202 (R free = 0.279) with good geometry (Table I) .
Coordinates have been deposited in the Protein Data Bank (accession code, 1ATM).
Detection of the stable form on gel electrophoresis-Appearance of a stable conformation was analyzed by transverse urea gradient (TUG) gel electrophoresis (30) . TUG gels were prepared with a gradient of 0 ~ 8 M urea perpendicular to the direction of electrophoresis with an opposing gradient of acrylamide from 15 to 11%. Four slab gels (100 × 80 mm) were prepared simultaneously in a multigel caster (Hoefer Scientific Instruments) by using a gradient maker and a single-channel peristaltic pump. The native protein (20 µg in 100 µl) was applied across the top of the gel. The electrode buffer was 50 mM Tris-acetate, 1 mM EDTA (pH 7.5). The gels were run at a constant current of 6 mA for 3 h at a controlled temperature of 25 o C. The amount of urea-stable form during the time course of the combinatory mutants was analyzed on 10% polyacrylamide gel containing 8 M urea in Trisglycine buffer system. The protein bands were visualized by Coomassie Brilliant Blue staining.
The amount of urea-stable form was quantitated by a densitiometric scan. Determination of the inhibitory activityThe conversion rates to the stable form during incubation of M7 combinatory mutants at 37 o C were followed by the loss of inhibitory activity.
Denaturant-induced unfolding transition-To
The active concentration of porcine pancreatic elastase, a target protease, was determined by measuring the initial rates of hydrolysis of 1 mM N-succinyl-(Ala) 3 -p-nitroanilide (33) . α 1 AT
RESULTS

Conversion to a stable conformation under physiological conditions-We decided to use
mutations to destabilize native interactions in α 1 AT because they may somehow prevent the conversion of the serpin into a more stable state. Various destabilizing mutations were introduced in the three β-sheets on the α 1 AT molecule. Destabilizing substitutions such as V364A initially cause the accumulation of both a low-mobility species and the native form, and prolonged incubation induced a very stable form that remained intact in urea ( Fig. 1 ). Combining two mutations, such as I229A and V364A, produced a stable form more efficiently than using one mutation. In addition, a longer incubation period produced more of the stable form (data not shown).
Both the native and the stable forms produced from V364A α 1 AT were purified, and the conformational stability was measured by equilibrium unfolding in the presence of guanidine hydrochloride ( Fig. 2A) . Native V364A α 1 AT showed two transitions, with midpoints of 0.5 M and 2.7 M guanidine, when equilibrium unfolding was monitored by changes in circular dichroism (CD) signal at 222 nm. Native V364A α 1 AT was slightly less stable than native wildtype α 1 AT. In contrast, the stable form of V364A mutant α 1 AT dramatically increased stability, and unfolding followed a two-state transition, with a transition midpoint of 3.1 M guanidine.
The stable form did not produce an inhibitory complex with a target protease, human leukocyte elastase, while the wild-type and V364A native forms formed an SDS-resistant inhibitory complex (Fig. 2B ). In addition, the stable form was completely resistant to proteolytic attack of Staphylococcus aureus V8 protease and papain, which are known to cleave the exposed reactive site loop of α 1 AT (32) . Both the wild-type native form and V364A native form produced a proteolytic product of a molecular mass of ∼ 40 kDa (Fig. 2B) , which was expected from the cleavage of the reactive site loop. These results indicate that, unlike the reactive site loop of the native forms, the reactive site loop of the stable form is not exposed for the protease binding.
Structure of the stable conformation-In order to obtain a sufficient amount of the stable form of α 1 AT for crystallization, a V364A mutation was made in the background of Multi-7 (M7) stabilizing hydrophobic core mutations, which diminished the aggregation substantially (26) and did not affect the ability of the V364A mutation to convert to the stable conformation (see below). Characteristics of the stable form carrying the combinatory mutations (V364A + M7) were comparable to those of the V364A mutant, as judged by protease inaccessibility, stability increase, and fluorescence spectra. Protein crystals were grown in 1.8 M ammonium sulfate, 0.2 M sodium potassium tartrate, 0.1 M sodium citrate, pH 5.6, in the presence of 5% Noctanoyl-sucrose as a detergent additive. The crystal structure of the stable α 1 AT (Fig. 3A) was solved by molecular replacement, using the structure of cleaved α1AT in the structure of trypsin-α1AT complex (PDB code, 1EZX; 9) to a 2.2 Å resolution. Structural and refinement statistics are summarized in Table I . Overall root-mean-square (rms) deviation of all C α atoms (residues 24-394) is 1.29 Å; leaving out detergent binding region and the loop (residues 199-221 and 354-369) reduced it to 0.98 Å. The electron density map showed clearly that the reactive site loop is incorporated as a central strand (strand 4) in A β-sheet, s4A. Strand 1 of C β-sheet (s1C) now detached from C β-sheet is stretched in a β-configuration along the surface of the protein between the C-terminus of strand s4A and the N-terminus of strand s4B (Fig. 3A, inset) . The interactions between the loop and the main body were not tight. The overall structure of the stable α1AT is very similar to the previously reported structure of latent PAI-1 (PDB code, 1DVN; 23). Fig. 3B shows a comparison of the two structures: the reactive site loop in the stable α1AT is inserted slightly less in A β-sheet (up to P5, Glu 354, in α1AT but up to P3 in PAI-1: the numbers represent residues prior to the scissile bond) but extruded more at the entry of B β-sheet. These results confirmed that V364A substitution of α 1 AT converted the molecule to a more stable, latent-like conformation.
Distribution of the mutations that facilitate structural conversion-Among various
destabilizing substitutions of α 1 AT, those that promoted the conversion into the stable state were localized in the B/C β-barrel region (Fig. 3C) . They are V364A and F366A of s1C, L288A and L286A of s2C, I229A of s1B, and L254A of s3B (Fig. 3C , inset, side chains colored blue and yellow). The wild-type side chains of the residues at these mutation sites have strong hydrophobic interactions at the core of the barrel. The substitutions at nearby residues such as Leu 240 and Phe 252 (Fig. 3C , inset, cyan beads with gray side chains) were not effective. Many other destabilizing mutations in other regions did not produce the stable species (Fig. 3C, cyan beads), although they accumulated a low-mobility species, as with K335D α 1 AT (Fig. 1) . These include the mutations in the 'gate' region (F208A of s4C and F370A of s4B), implicated for controlling the latency transition of PAI-1, and V55P mutation on B α-helix, which was implicated for accumulating latent α 1 -antichymotrypsin. Some of these mutant proteins, like Since the residues of each component of F366A/L286A do not interact directly (> 5.0 Å apart) in the tertiary structure, the stability decrease was obtained by adding the effects of individuals. Fig.   4C shows the relationship between the conversion rate and the decrease in stability. There appears to be a correlation between the stability decrease and the increased conversion rate among the single substitutions. More importantly, however, the observed conversion rate was much higher than expected from the stability decrease if the mutational effects were limited to destabilization of the native state. Compared to the control, M7, simply destabilizing the native state (∆(G < 1 kcal mol -1 ) should facilitate conversion no more than several times faster. In fact, the measured rates were up to several hundred times faster. The same trend holds for the double mutation: addition of F366A to L286A increased ∆(G of 0.9 kcal mol -1 but the conversion was accelerated over 25 times. These unexpected rates can be reasonably explained by a lowering of the kinetic barrier.
DISCUSSION
Destabilization of B/C barrel facilitated conversion into the stable latent-like form-Our
results shown in Fig. 1 demonstrate that the native form of α1AT can be converted into a ureastable conformation at physiological conditions. A crystal structure of the stable form of V364A α 1 AT (Fig. 3 ), defined to a 2.2 Å resolution, clearly shows that the reactive site loop is indeed inserted into the A sheet, as in the latent PAI-1 structure. To our best knowledge, this is the first report of the latent conformation of α 1 AT. The structure explains the enhanced stability of the molecule ( Fig. 2A) , its inability to form an inhibitory complex with the target elastase (Fig. 2B) , and the inaccessibility of the reactive site loop to the proteolytic attack (Fig. 2B) . Our results validate the hypothesis that the native form of serpins is a folding intermediate that is kinetically trapped.
Distribution of the mutations that induce conversion into the stable state (Fig. 3C, inset) suggests that removal of specific interactions on the B/C barrel region is sufficient to release the kinetic trap of α 1 AT. In particular, the mutations at Val 364 and Phe 366 of s1C and the mutations at the residues interacting directly with these residues, such as Leu 286 and Leu 288 of Many other destabilizing mutations in the other regions did not promote the production of the stable form. Among these, the mutations at the following regions are of interest. It has been suggested previously that mobility of the 'gate' region of PAI-1 (composed of s4C-s3C) is important for preventing conversion into the latent state. This proposal was based on the fact that the 'gate' region has strong hydrophobic interactions with the turn at s1C-s4B in the native structure but needs to be lifted to allow s1C to reside as in the latent structure (23, 34) .
Destabilization at this region of α 1 AT (F208A of s4C and F370A of s4B), however, did not promote conversion into the stable state (Fig. 3C inset, cyan beads with gray side chains). We also tested a genetic variation (L55P) of α 1 -antichymotrypsin in the B α-helix, which accumulates a species that may be an intermediate to the latent state (35) . The equivalent substitution in α 1 AT, V55P, was not effective for promoting conversion into the stable state.
Rather, it induced aggregation of the molecule. There may exist some differences in controlling the conformational transition among different serpin proteins. However, it is very likely that destabilization of B/C β-barrel in other serpins also facilitates conformational conversion into the stable form, since the major features of the native and the latent structures are shared among various serpins.
Kinetic trap in serpin protein foldingAccording to the theory of protein folding under kinetic control, the native state of some proteins is only in a local energy minimum (a metastable) state, where conversion to the global lowest-energy state is blocked by a remarkably high energy barrier (36) . Destabilization of the native state itself will exert an effect of reducing the net energy of the kinetic barrier without lowering the barrier. However, the observed conversion rates of the mutant α 1 AT proteins compared to that of the wild-type protein were much higher than expected from the stability decrease if the mutational effects were limited to destabilization of the native state (Fig. 4C) . These results suggest that the greatly enhanced conversion rate of the mutant α 1 AT proteins is not only due to destabilizing the native state but mostly to lowering the kinetic barrier in the conversion from the native state into a more stable state.
The serpin molecule does not fold into the lowest energy state by avoiding the insertion of the reactive site loop into the A sheet. There are two possible scenarios for how it may happen.
Interactions in the A sheet might prevent loop insertion. Alternatively, interactions in the C sheet prevent insertion of s1C into A sheet. We previously showed that extension of the reactive site loop by a flexible linker, (Gly-Gly-Ser) n , resulted in insertion of the loop into the A sheet, demonstrating that the interactions of the A sheet per se are not strong enough to prevent loop insertion (37) . Our current study suggests that interactions in the B/C barrel are important for preventing insertion of the reactive site loop into the A sheet.
Equilibrium unfolding studies showed that the current mutations in the B/C barrel affected only the second transition ( Fig. 2A) . This is consistent with a previous study on the mutations at Trp 238 located in the barrel (38, 39) in that the first and the second transitions reflect opening of the A sheet and unfolding of the B/C barrel, respectively. Limited proteolysis of plasminogen activator inhibitor-1 in the native conformation also suggested that the B/C β-barrel is more stable than A sheet (39) . These results suggest that the B/C barrel of the serpin molecule folds earlier (unfolds later) than the A sheet does. Interestingly, a circular permutant of α 1 AT, in which s1C is disconnected from s4B in the hydrophobic core and the original N-and C-termini were linked, folded to a species that is stable in 8 M urea (40) . Perhaps, incorporation of s1C into the barrel of the serpin molecule during the hydrophobic core formation is crucial.
Our present study shows that mutations, mostly of single amino acid substitutions, facilitated the conversion from the native to the stable species (Fig. 4A) . However, we do not know whether some stable forms containing double or multiple mutations resulted from conversion of the native forms or whether they were produced along another pathway without folding through the native form, since we have not identified the native forms of the double or multiple mutations. Interestingly, a recent study of folding kinetics based on the lattice model suggested that mutations can change folding routes (41) . Substantially reduced interactions of s1C with B/C barrel of α 1 AT may retard the incorporation of s1C into the barrel, and thus allow formation of the stable 6-stranded A sheet as in the structure of the stable α 1 AT (Fig. 3A) . (42, 43) . Various experimental data support the theory that protein folding occurs by a progressive stabilization of intermediates (44, 45) . However, it has also been suggested that folding intermediates result from misorganization of the chain in the initial condensation step, rather than being integral to the folding process (46) . Specifically, it was suggested that non-native interactions in the intermediates, which are not found in the final stable form, slow down folding processes by accumulating folding intermediates (46, 47) . Theoretical approaches for protein folding have also suggested that folding intermediates accumulate because of kinetic traps caused by partial misfolding (48) . Our results show that removal of some critical interactions in the B/C barrel, but not at other regions, is sufficient to release the kinetic trap of Thus, we provide strong evidence that removal of non-native interactions allows the molecule to escape the kinetic trap in protein folding. Non-native interactions may therefore account for the accumulation of folding intermediates, at least for some long-lived intermediates.
Our current study is also significant for understanding design principles of structurefunction relationships of serpins. The native state of serpins is a strained metastable state, and this metastability is the driving force for the conformational conversion during complex formation with a target protease. We showed previously that stabilizing mutations of serpins reduced the inhibitory function by retarding the conformational transition during complex formation with a target protease (14) . The native metastability appears to be a structural design that regulates protein functions in other proteins, such as hemagglutinin of influenza virus (49) and arrestin, a desensitizer of the G-protein signaling (50) : the metastability of hemagglutinin serves as an acid-induced conformational switch to form a fusion-active state; the metastable, 
